used for analysis of cocaine and its metabolites (COO in human urine using a competitive fluorescence immunoassay. Binding of antibenzoylecgonine monoclonal antibody (mAb) to the caseinbenzoylecgonine Ag-coated, tapered optical fibers was inhibited by COC. Bound mAb, which inversely correlated with COC concentration, was quantitated by fluorescence produced by evanescent excitation of bound cyanine dye-tagged antimouse antibody (CY5-Ab). The effective concentration range of benzoylecgonine (BE) for inhibiting the fluorescent signals was 0.75-50 ng/mL, with ICsB of 9.0 ng/mL. This FOB had similar affinities for BE, cocaine, and cocaethylene, but very low affinities for ecgonine and ecgonine methyl ester. A sensitivity of 100% and a specificity of 96% were achieved when 54 human urine specimens were analyzed by FOB (cutoff, 300 ng/mL COC) and GC-MS (cutoff, 150 ng/ml. BE). All results were in agreement except for one positive FOB result with a GC-MS BE concentration of 148 ng/mL. In addition, regeneration and reuse of the fiber for multiple analyses were performed successfully with no carryover from specimens containing high COC concentrations to specimens containing low COC concentrations.
Introduction
Fiber optic biosensors (FOBs) are used to quantitate several important environmental pollutants and in industrial process control (1) (2) (3) . Evanescent wave fiber biosensors are based on the principle of total internal reflection fluorescence, which uses evanescent waves generated on the surface of the fiber. As the evanescent wave decays exponentially from the surface of the fiber, separation of fluorescent-tagged compounds bound to the fiber from those in the bulk flow buffer is achieved optically. This eliminates the need to separate bound from free fluorescence and allows real-time monitoring of the binding event. Block and Hirshfield (4) first reported the use of evanescent wave, generated on the surface of quartz fibers, to perform fluorescent immunoassay. Subsequently, Hirshfield and co-workers (5) described an fluorometer FOB. FOBs have since been used for detection of pesticides (6) (7) (8) , cocaine and its metabolites (9,10) (COC), biological agents (11, 12) , oligonucleotides (13) , and receptor ligands (14) .
FOBs have been constructed using either a short unclad quartz fiber(s) (5, 15) or clad optical fibers, with the cladding and jacket stripped to expose the core at the distal end (11, 12) . It has been shown experimentally and theoretically that tapering the core of cladded fibers significantly increases the sensitivity of the sensor as compared to an untapered core (16, 17) .
Antibodies (Ab) immobilized on the surface of the fiber to create an immunosensor, as first proposed by Andrade and co-workers (18) , was widely applied in our laboratory for the detection of pesticides in environmental samples (7, 8) and COC (9,10) using the single fiber flow fluororneter designed by ORD, Inc. (4) . These immunosensors allow real-time monitoring of binding of fluorescent analyte to the fiber so that association rates, which are measured in seconds, instead of equilibrium measurements, which require minutes to hours, can be used for detection (9) . Because FOBs measure fluorescence concentrated on the surface of an optical fiber, measurement can be made without sample pretreatment. Although a number of commercial immunoassay methods are available for screening drugs of abuse (19, 20, 21) , the major advantages of the fiber optic immunosensor are increased sensitivity and low cost. It may be possible to use this new technology with its improved sensitivity in the analysis of COC in alternate biological matrices such as hair, sweat, and saliva.
In this study, a four-channel FOB, the Analyte 2000 (Research International, Woodinville, WA), was used to measure COC in patient urine. Tapered optical fibers, coated covalently with Ag, 160 represent the sensing element of the FOB. The Ag-coated fiber binds the free mAb present in the test solution. The bound mAb is quantitated by antimouse antibody tagged with fluorescent CY5 dye (CY5-Ab). The fluorescent signal is generated by evanescent excitation of the bound CY5-Ab. COC present in urine inhibited binding of the mAb and, consequently, binding of CY5-Ab, thus reducing fluorescence. Human urine specimens collected during a controlled drug-administration study were analyzed by FOB, and data were compared with those obtained from gas chromatography-mass spectrometry (GC-MS), the accepted reference method for the detection of COC with high sensitivity and specificity (22, 23 
3"
',,. 
Fiber optic system
The Analyte 2000 system is a multi-channel FOB that is capable of performing multiple diverse immunoassays. Briefly, this system is operated as a flow fluorometer for detection of fluorescence generated by evanescent excitation on the surface of the tapered optical fibers. It uses four integrated circuit "daughter" cards containing a 5 roW, 635-nm laser diode for fluorescence excitation, a photodetector, and a fiber optic coupler for attaching the fiber bundle jumper (24) . The jumper is made of a fiber optic cable with a 200-1~m center silica fiber carrying excitation light from the red laser diode to the tapered fiber and a cable that has six plastic fibers (250-1am core diameter) surrounding the center fiber, which collects and transmits fluorescence to the detector. Each card is coupled to an optical fiber using a fiber bundle jumper to provide for simultaneous monitoring of four immunoassays. Use of high numerical aperture (NA = 0.47) for the collection fibers ensures maximum fluorescence collection and detection. The sensing fiber is prepared by covalently coating the tapered optical fiber with Ag. This is used to capture mAb, which is subsequently detected using CYf-Ab.
Preparation of tapered optical fiber Plastic-clad silica-core optical fibers (Fiberguide Industries, Sterling, N J) with a core diameter of 600 pm were attached to ST connectors (Fiber Instruments Sales Inc., Oriskany, NY) using epoxy. The fiber end at the base of the ST connector was polished in a lYr-btinipol-2 polishing machine (Ultratec Manufacturing Inc., Santa Ana, CA) using polishing film with decreasing grain size in the order 15, 9, 5,1, and 0.3 pro. The distal end of the fiber was polished to a 30 ~ angle to reduce back reflection.
Jacket and cladding were removed from the distal 6 cm of the fiber, and the exposed core was dipped into hydrofluoric acid (HF) for 1 rain to completely remove the cladding. The fiber core was then re-immersed into HF at a predetermined speed using a computer-controlled linear stage (Gen Rad., Inc., Concord, ~) to make a combination tapered fiber having two different tapering angles (16) . The initial I cm of the fiber was tapered down from 600 to 398 pm. This steep taper is followed by a shallow taper for the remaining length of the fiber ending with a 200lain diameter at the distal end of the fiber.
Preparation of antigen-coated fiber BE was obtained by hydrolysis of cocaine in boiling water. It was converted to the 2-p-nitrophenethylester analogue of cocaine and the nitro group subsequently reduced, diazotized, and linked to casein (9) . Coupling of Ag to the tapered fiber was accomplished by silanizing the fiber core using a 10% solution of 3-mercaptopropyl trimethoxysilane in dry toluene, as described by Bhatia et al. (25) . After washing twice with toluene and once with ethanol, the fibers were immersed in a 2raM solution of heterobifunctional crosslinker N-succinimidyl-4-maleimidobutyrate for 1 h. The fibers were then incubated with 25 pg/mL of Ag for I h and stored in phosphate-buffered saline (PBS) containing 10 mg/mL of casein at 4~
The fluorometric fiber optic immunoassay Tapered fibers, coated covalently with Ag, were BE in PBS-casein or the diluted urine specimen were incubated with mAb (250 ng/mL) for i h. The final concentration of mAb in the incubation mixture was 125 ng/mL. The incubation mixture was perfused through a flow cell constructed from a capillary glass tube over a period of 5 rain, using a flow rate of 0.3 mL/min. Total volume of perfusion over 5 min in three flow cells was 4.5 mL. After a 30-s wash with PBS the laser was switched on and the fluorescence baseline was established. The fluorescent signal was recorded by flowing lnM solution (i.e., 125 ng/mL) of CY5-Ab for I rain. Fibers were subsel:
quently washed with PBS to remove unbound ~"
CYS-Ab. The fluorescent signal was calculated as the difference between the fluorescence level established after the PBS wash and the baseline established prior to introduction of the CY5-Ab (AFL). A flow rate of 0.3 mL/min was maintained throughout the assay. Fibers, coated covalently with casein, bovine serum albumin (BSA), and rabbit IgG, were used to determine the extent of nonspecific binding of the CY5-Ab. The procedure involved perfusion of 125 ng/mL mAb over fibers for 5 rain, a 30-s wash with PBS, perfusion of the fiber with lnM CY5-Ab for I rain, a 2-rain wash with PBS, and measurement of the signal in picoamperes (pA). 
Fiber regeneration
Fibers were washed first with regenerating solution for I rain, then with PBS for 2 min, and a new signal was recorded and compared with the fluorescent signal recorded under control conditions (i.e., no BE added) to test fiber regeneration. The regeneration solutions tested were the acidic buffer glycine-HC1 (pH 2.5) at 0.1M and 0.5M, the basic buffer triethylamine (TEA) (pH 11.5) at 0.1M and 0.5M, and a chaotropic solution potassium thiocyanate (KSCN) (pH 7.6) at 3M. These solutions were selected because of their widespread use in the affinity purification of Abs. To investigate performance of the regenerated fibers, the same immunoassay sequence was repeated sequentially on the fiber and the amplitude of the fluorescent signals compared with the initial response recorded under control conditions.
Benzoylecgonine GC-MS analysis
Urine samples were analyzed by SPE and GC-MS according to a previously published procedure (22) . Briefly, clinical samples, standards, and controls were mixed with sodium acetate buffer (pH 4) and deuterated internal standards. After centrifugation through a filter column, the samples were added to preconditioned SPE cartridges and washed, and analytes were eluted with several 1-mL aliquots of methylene chloride/2propanol/ammonium hydroxide (40:10:1, v/v/v). The combined extracts were evaporated to dry-ness under nitrogen, reconstituted with acetonitrile, and derivatized with BSTFA (with 1% TMCS) at 60~ for 30 rain.
GC-MS analyses were performed on a Hewlett-Packard (Wilmington, DE) 5890A series II GC with an autosampler (HP7673A) and interfaced with a Hewlett-Packard 5971 or 5972 mass selective detector (MSD) operated in the SIM mode. A splitsplitless capillary inlet system was operated in the splitless mode with electronic pressure control. An HP-1 fused-silica capillary column (12 m x 0.2-mm i.d., 0.33-lJm film thickness) was used for BE analysis.
Urine analysis
Fifty-four human urine specimens were collected from subjects participating in a controlled cocaine-administration study conducted at the Intramural Research Program (IRP), NIDA, NIH. All participants (n = 6) were healthy male volunteer subjects with a history of use of cocaine and other drugs of abuse. The study was conducted under the guidelines for the protection of human subjects, and each volunteer gave informed consent. During the study, all subjects resided in a closed research ward at NIDA IRP under medical surveillance. The study was approved by the John Hopkins Bayview Medical Center and NIDA Institutional Review Boards. Urine specimens were frozen at -20~ until analysis. For analysis using FOB, 2.5 mL of a 3% urine specimen (30 IaL of urine specimen per I mL of PBScasein) was incubated for 1 h with an equal volume of rnAb (250 ng/mL). Following incubation, the immunoassay was performed as described. All specimens were analyzed simultaneously in triplicate by the Analyte 2000 using three separate channels.
Data analysis
Regeneration of the fiber sensor allows reporting of the specimen signal as a percent of a negative urine specimen, thereby, eliminating variation from fiber to fiber. The immunoassay was performed using BE-free PBS-casein (designated control) to determine the 100% signal. After regeneration, the assay was performed on samples containing BE, which inhibited fluorescence. A concentration-inhibition curve was obtained by plotting the percent of control fluorescence versus the concentration of BE. The BE concentration reflects the original concentration of COC in the undiluted urine specimen. All data points were means of triplicate measurements and student t-values for control and experimental groups were used to establish significance of the changes in the fluorescent signal.
Sensitivity and specificity of the FOB assay were determined by comparing the initial FOB screen results (300-ng/mL cutoff for COC) with the confirmatory GC-MS results (150 ng/mL for BE) (26) . A true-positive (TP) result is defined as > 300 ng/mL COC by FOB and > 150 ng/mL BE by GC-MS. A true-negative (TN) result is defined as < 300 ng/mL COC by FOB and < 150 ng/mL BE by GC-MS. A false-positive (FP) or unconfirmed-positive result is _> 300 ng/mL COC by FOB and < 150 ng/mL BE by GC-MS, and a false-negative (FN) result is < 300 ng/mL COC by FOB and > 150 ng/mL BE by GC-MS. Sensitivity is calculated as (TPfrP + FN) * 100 and specificity is calculated as (TNfrN + FP) * 100.
Results

Generation of fluorescent signal by the immune reaction
The Ag-coated fibers were perfused for 5 min with PBS-casein containing 125 ng/mL mAb, with or without BE. The laser was then switched on and the baseline fluorescence recorded for 30 s. Perfusion with PBS-casein containing CY5-Ab resulted in an immediate increase in fluorescence as a result of the evanescent excitation of the CY5-Ab (Figure 1 ). After 60 s, the fiber was perfused with PBS for 60-90 s to remove unbound CY5-Ab. The difference between the fluorescence level recorded during this wash step and the baseline fluorescence (AFL) was a measure of the amount of mAb bound to the Ag-coated fiber. The presence of BE in the PBS-mAb 5-min perfusion step reduced binding of mAb to the Ag-coated fiber and subsequently reduced the fluorescent signal in a concentration-dependent manner (Figure 1 ). * AFL (pA) is the amplitude of the optical signal in picoamperes above the baseline value established after 1 min peffusion with the CYS-Ab and 1 min subsequent wash with PgS-casein. AFL (pA) is large when the concentration of COC is low because binding of the mAbto the Ag-coated fiber is high, so is binding of CYS-Ab and vice versa,
Table III. Comparison of Urinalysis Performed using Fiber Optic Biosensor and GC-MS on 54 Urine Specimens
Number of specimens with COC concentration as indicated
The fiber was coated covalently with nonspecific proteins (casein, BSA and rabbit IgG), and did not bind mAb as reflected in the low signal levels (Figure 1 , tracings D, E, and F). Perfusion time for the fluorescent tracer was increased to 120 min. There was a small initial rise in fluorescence upon introduction of CY5-Ab, due to fluorescent nonspecific binding of the CY5-Ab. Thus, the fluorescent signal was largely due to the specific binding of mAb to the Ag bound to the fiber and subsequent binding of CY5-Ab to the Ag-Ab complex.
Fiber regeneration for multiple measurements
Because the fluorescent signal was generated by sequential binding of mAb and then CY5-Ab to the Ag-coated fiber, it was reasoned that buffers used in affinity purification of Abs should be able to dissociate the bound Ab from the fiber, thus regenerating the fiber for reuse. Dissociation of the bound Abs was reflected in the rapid loss of fluorescence signal following washing with regenerating buffer (0.1M TEA, pH 11.5) ( Figure  1 ). More than 80% of the regeneration (i.e., removal of CY5-Ab) occurred during the initial 10 s, followed by a more gradual regeneration over the next 50 s (Figure 1 ). Of the regenerating solutions used, 3M KSCN (pH 7.6) was the least effective, reducing fluorescence by only 40% (Figure 2 ), whereas 0.1M glycine HCI buffer (pH 2.5) reduced the fluorescence by 60%. Increasing the concentration of buffer had a negligible effect on the dissociation. The basic buffer, 0.1M TEA (pH 11.5), was most efficient, reducing the fluorescent signal by 75%. Higher concentrations did not improve the dissociation significantly. Accordingly, 0.1M TEA (pH 11.5) was selected for regeneration of fibers in all subsequent assays.
To investigate whether regenerated fibers produce accurate test results, Ag-coated fibers were perfused sequentially with PBS-casein containing only 125 ng/mL of mAb and CY5-Ab to obtain the maximum fluorescent signal. Fibers were regenerated using 0.1M TEA (pH 11.5) buffer, and a new baseline was established. The assay was repeated on the same fiber after each regeneration. The amplitude of signal from 10 regeneration cycles did not change the fluorescent signal ( Figure 3 ). After each fiber regeneration, the baseline fluorescence became higher. Repeated use and regeneration cycles resulted in a steady rise of the baseline fluorescence without significant change in the fluorescent signal (DFL). This was due to the incomplete dissociation of the bound Abs from the fiber. On average, each fiber was used for 11 measurements before the baseline became too high and variance increased above 10%.
Concentration-dependent response of the biosensor
PBS-casein containing mAb was incubated for 1 h at room temperature with an equal volume of BE calibrator solution, ranging in concentration from 0.1 ng/mL to 300 ng/mL. Each solution was perfused over the fiber at a flow rate of 0.3 mL/min for 5 min and the baseline established. PBS-Casein containing 125 ng/mL of CY5-Ab was used to generate the fluorescent signal. Increased concentration of BE resulted in a concentration-dependent decrease in fluorescence (Figure 4) . The standard error of the mean of triplicate measurements ranged from 0.4 to 6.1%. The multichannel capability of the Analyte 2000 made it possible to simultaneously perform each measurement in triplicate. A single fiber was used in each case to quantitate BE over the entire concentration range. The fibers were regenerated, as described, after each measurement.
Effect of urine on the sensor response
A previous study in our laboratory used fluorescein-labeled BE and a 485-nm excitation wavelength for FOB analysis of BE in urine (27) . The result indicated that negative urine, added to PBS-casein, had a concentration-dependent reduction of fluorescence generated by fluorescein-labeled BE to mAb-coated fiber. For example, a 50% reduction occurred with a 1 to 10 diluted (10%) urine specimen. We evaluated the sensitivity of the current biosensor, which uses a red laser (635 nm) with a long wavelength CY5 fluorescent dye, to the concentration of urine in the flow buffer. Negative urine was diluted to 1-10% with PBS-casein and the samples spiked with 10 ng/mL BE. The reason for spiking the sample with 10 ng/mL BE was that this concentration inhibits nearly 50% of the fluorescence signal generated in BE-free PBS-casein ( Figure 4 ). Statistical analysis of the data using the student t-test indicated that results for urine diluted 1-10% in PBS-casein were not significantly different ( Figure 5 ). In addition, the concentration-dependent response curves generated by two independent experiments, using a 3% negative urine sample, were not significantly different from one generated in PBS-casein only (Figure 4 ). It was decided to use 3% urine for analysis of clinical specimens because 300 ng/mL of BE inhibited > 50% of the fluorescent signal (ICs0). This reduced the probability of false-negative results because the ICs0 falls in the linear portion of the calibration curve and reflects maximal change in fluorescence signal with the minimal change in COC concentration.
To rule out any variation in signal response that may be due to some constituent of urine, five negative urine specimens were used to determine the effect of drug-free urine on fluorescent signal. The fluorescent signals from five negative urine specimens ranged from 91.7+__ 3.4 to 103.7 • 2.1% of the signal from urine-free PBS-casein. The differences were not statistically significant, showing that different urine specimens did not affect the FOB response.
Sensitivity and specificity of the biosensor
The detection limit of BE using the FOB (i.e., minimum concentration detected with p = 0.05 above the negative control) was 50 ng/mL in the urine specimen. Because a 3% urine specimen was used, this translates into a sensitivity of 0.75 ng/mL of BE in the flow buffer. IC~0 values of 1.25, 3.0, and 4.5 for cocaethylene, cocaine, and BE, respectively indicate high crossreactivity of the biosensor with cocaethylene and cocaine (Table I) . Cross-reactivity of the biosensor with ecgonine and ecgonine methyl ester, however, was very low.
Accuracy of the biosensor analysis
To assess the accuracy of the FOB, 54 human urine specimens, previously analyzed by GC-MS at NIDA, IRP, were analyzed by the biosensor. Each specimen was assayed on three fibers simultaneously to obtain a mean value for COC and the fiber-related variance in biosensor measurement.
Each fiber was used to record an initial control signal using a negative urine specimen and then for analyses of 10 urine specimens. The percentage of control fluorescence inhibited by the specimen is converted into COC concentration using the calibration curve. Results from FOB were compared to GC-MS concentration (Table II) . The cutoff for positive results for COC by FOB was 300 ng/mL and for BE by GC-MS 150 ng/mL. A sensitivity of 100.0% and a specificity of 96.0% were obtained for the FOB assay in comparison to GC-MS. A single false-positive result was noted with a urine specimen containing 148 ng/mL BE by GC-MS. There were no false-negative specimens; no specimens were positive by GC-MS and negative by FOB. Despite the high qualitative correlation between the two assays in identifying negative and positive urine specimens, there were quantitative differences. When the 54 urine specimens were divided into four groups, negative (< 300 ng/mL), low positive (300-1000 ng/mL), high positive (1001-5000 ng/mL), and very high positive (> 5000 ng/mL), the number of specimens within each group varied by the two methods (Table III) . It is interesting that the largest variance was in specimens containing very high concentrations of COC. Specimens that completely inhibited the fluorescence were diluted 10-or 100-fold and retested to obtain readings within the dynamic range of the assay. Slight errors in volume measurements during dilution may have magnified the quantitative variations. Another reason for the variation in quantitative results in very high positive specimens was that FOB detects cocaine and cocaethylene with equal affinity, whereas GC-MS values are specific for BE. Ecgonine methyl ester will also contribute to the variance if present in the specimen in high concentration. Fiber optic analysis of specimens containing extremely high concentrations of BE did not result in carryover into the next specimen. Sequential analysis of negative urine, fortified with 1 mg/mL of BE followed by BE-free control urine for five consecutive cycles confirmed the lack of carryover (Table IV ).
Discussion
The comparison of FOB and GC-MS analysis of 54 human urine specimens for COC gave 100.0% sensitivity and 96.0% specificity. Despite a high qualitative agreement, there were quantitative differences between the two methods (Table III) . These differences were due in part to the fact that the FOB detects COC as BE equivalents, whereas the GC-MS values are for BE only. The FOB detects cocaine and cocaethylene equally well (Table I) . In this respect, it is very similar to an unclad fiber optic cocaine biosensor that was used for detection of cocaine in coca leaves (9, 10) .
The fluoroimmunoassay strategy used in this study has several advantages over a previous strategy used to construct FOB for detecting COC. The Analyte 2000 system performs the full function of four single-fiber biosensors (16) . It may be used to assay up to four drugs in the same specimen or to perform multiple assays for the same drug. In this study, three fibers were routinely used in parallel assays to provide mean plus or minus standard error of the mean values for the percent inhibition of control fluorescence in PBS-casein. Analytical variation in measurement of negative and positive urine specimens and BE-fortified PBS-casein were < 10%. Untreated urine reduced fluorescence in another fluoroimmunoassay that used fluorescein-BE (27) . The presence of urine constituents quenched fluorescein fluorescence. In the current study, urine is washed out of the flow cell before CY5-Ab is introduced. Another advantage is the ease of regeneration of the fiber. After perfusing the Agcoated fiber with the urine and BE-mAb incubation mixture over a period of 5 min, the fluoroimmunoassay was completed in 200 s including fiber regeneration (Figure 1 ). The present assay was based on detection of bound mAb. A 1-h incubation of the urine specimen containing BE and mAb was selected to establish an equilibrium. Free mAb binds to the fiber and is detected by the CY5-Ab, which binds to the mAb. Future research will focus on the use of CY5-1abeled mAb with a single-step competitive immunoassay format to substantially reduce assay time.
Fiber-to-fiber variation was eliminated by recording fluorescence of control as well as 10 urine specimens on the same fiber and using percentage of control fluorescence inhibited by the specimen to calculate concentration of COC. Use of the same fiber for multiple immunoassays improved sample throughput. In addition, there was no significant carryover when a single fiber was used for analysis of five samples containing 1 mg/mL BE interdigitated with five samples containing zero BE. (Table IV) .
Use of evanescent excitation of fluorescence in FOB ensures that only fluorophore localized on the fiber surface is detected, so the sensor is blind to any sample constituent in the flow buffer, including the bulk fluorescence of the unbound fluorophore. The high sensitivity and minimal effect of sample constituents on the FOB may prove to be advantageous for the analysis of body fluids of small volume (e.g., sweat, saliva, and hair) and low COC concentration.
The FOB has some disadvantages as well. One disadvantage is the labor-intensive nature of the assay, which lacks automation and uses a primitive macrofluidics system. The flow cells constructed from capillary glass tubes have to be replaced when new fibers are used. Buffers and At) solutions were pumped through the flow cell by a peristaltic pump, and the manual switching of intake tube from one solution to another required continuous supervision. Another disadvantage is the time-consuming labor of preparing the tapered fibers. They are prepared in batches of 24 fibers, but still require individual polishing and attachment to the ST connectors. Ongoing work in the author's laboratory addresses automation of fluidics to simplify the use of the fiber optic biosensors.
